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NATIONAL -ADVISORY COMMITTEE FCOR AERONAUTICS

TECHNICAL NOTE NO. 1393

A FLIGHT INVESTIGATION OF THE METEOROLOGICAL CONDITIONS
CONDUCIVE TO THE FORMATION OF ICE ON AIRPLANES

By William Lewis, U.S. Weather Bureau*

SUMMARY

Data from flight measurements of the meteorological factors
related to the intensity of icing conditions are presented. The
physical factors that establish the distribution of liquid water in
clouds of various types are discussed and the results of the analysis
aro used to formulate certain rules for the forecasting of icing
intensity. The problems of determining the range of values of the
significant factors defining icing intensity for the purpose of the
design of ice~-protection equipment are discussed and tentative values
are given. :

INTRODUCTION

Over a period of several years, the NACA has conducted research
on the prevention of ice formations on aircraft through the use of
heat. Satisfactory wing, tail-surface, and windshield thermal ice—
prevention systems were designed, fabricated, and tested in natural
jcing conditions for the Lockheed 12~A, Consolidated B-2k, Boeing B-17,
and Curtiss-Wright C-46 airplanes. (See refervences 1, 2, 3, and 4,
respectively.) Fach design was based on esteblishing, for clear-air
conditions, 2 surface temperature rise which experience had shown to

1This report was prepared by Mr, Lewis in collaboraticn with the
gtaff of the Amecs Laboratory during a period of active partici-~
pation by Mr, Lewis in the NACA icing research vnrogram.




be adeguate for ice prevention in simuladted and natural icing
copditions.

The MACA at present is engaged in an investigation to provide
a fundamental Lnﬁo rgtanding of the process of thermal ice—orevention
in order (1) to. cotablish & basis for the extrapolaticn of present
limited test da ta to higher speeds and various shapos, (2) to
rrovide data for improving the officiency of thermal lce~preve

ntion
equipment, and (3) to provide a wet-alr or metoorological basia for
the proparation of design specificatioms for: thermal ia,—rr*" ntion

cquipment. The re’earch consisty of an investigation of the meteor—
ological factors confucive to icing, and a study of +tho heat— *“ans¢
processss which govern the opereation of thermal ice~provontion

cquipment Tor airfoils and for windshield ce nl.h surations.

The meteorological phase of this investigation consiste of the
development. of instruments reguived for the cvalustion of the critical

these factors during flight In icing conditions. Thesc measurc—
ments will Iu“ﬂ"sh cate cstabl ‘Jh¢n£, fori the! pertinent motoor—
ological v range of values commonly 3n~o*p+frﬁd in

factors responsible for. ico formati n,'&né- hic actual moasurement of
..
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ast lng of icing conc*.1\rs.

Previcus results of this rosearch program Lave been p-csvntod
in referencses 5, &6; and 7. Reforence 5 describes. the 1*1st measure

>
ments in this investigatior of the free 'wator contoent of clouds,
These were madc by the dew—point m“tbod. Reforences € énd 7 deal
with the meteorplogical aspects oFf ‘iolng conditions In astratus
clouds’ and in.precipitation arcas of the warm~front tyme.

Rosearch on the metscrological aspoct fcing also has bee
conducted by various othor agenciss. Roforcmce 8 proscnts the
results of reosearch in the development o 1 dc=icing

sponsored by the Alr Malteriel Command. of the Army Air Forces, -
The Mount Washington Obscrvatory; N, H,, has béen ongeged for a

number of years in a program of reguler obscervaticns of icing

conditiong, The results of these cobsorvations and variocus -
articles and commonts on icing measurement and velated topics

0
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are published monthly by the Observatcry. The basic problems of
cloud structure hlcl are fundamental to an understanding of

the moteorologlﬂal agpecta of icing conditions were treated in

a series of excellent papers by W. Findeisen which appeared in

the Meteorologishe Zeitschrift in 1937, 1938, and 1939. Reference 9
is a translation of one of these papers which deals especially

with the meteorology of icing conditions. Reference 1C contains

a thorough discussion of the mechanism of condensation in the
atmosphere, a subject of primary importance in the study of icing
conditions.

In COntWHHWtWOn of this work, the C-46 ailrplane was egulpped
with special meteoroleogical and electrically heated test apparatus,
and flown in natural-icing conditions during the winter of

©19k5-46, Flight tests wore conducted mainly along airline routes

between the cities of San Francisco Calif i, Portland, Oreg.,
and Denver, Colo,

The purpose of this report is to present the meteorological
results of the 1945-U6 winter operations. The methods of observa—
tion and results obtained are presented firat followed by a discus-
sion of the progress made thus far toward a sclution of the two
ma jor meteorological problems relating to icing conditions; namely,
the problem of forccasting the intensity of icing conditions and
the problem of defining the physical characteristics of the
maximum icing conditions for which 1cu—prevont*on equipment will
be expected to provide adequate protection.

Appreciation is extended to the Army Air Forces, the U.S.
Weather Bureau, and United Air Lines, Inc. for their active
cooperation in the research program, In particular, the services
of United Air Lines. Captain Carl M. Christenson, who served as
pilot of the test airplane, contributed materially to the
investigation.

APPARATUS AND METHOD

In the investigation of the physical properties of icing
conditions it is desirable to measure the following quantities:
(1) free—air temporature, (2) liquid water conten%, (3) average
drop diameter, (4) distribution of drop diameters, and (5) concentra—

tion of ice particles. Completely satisfactory methods of measuring
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those quantities have nct yet been developed. Sufficient progress
has been made, however, to yield results which are very useful in
the meteoroclogical analysis of icing conditions, The methods used
to measure the various quantities are described in the following
paragraphs.

Free-Air Temperature
Free—oir temperature was measured by means of a copper—
m

constantan thermocouple connccted to a millivoltmeter. The cxposed
Junction of the thermocouple was baffled to prevent ice formation
c

on the Junction and shiclded to protect aga i st radiation errors,

The installation cn the airplane is shown in figure 1. The thermom—
eter was subject to kinetic hoating due to the gpeed of the airplane.
A discussion of the corrections applied to the obscrved temperature
measurements to obtain the true temperature of the undisturbed air
will be found in the appendix of this report.

an

Liquid Water Content

The rotating—cylinder method of measuring liquid water content
is generally regarded as being the most accurato and depcndable
procedure thus far developed. (See reference 8.) A full discus—
slon of this method is given in reference 11, Most of ‘the rotating—
cylinder obscrvations reported hersin were made witk the manually
rotated assembly, consisting of fwo cylinders 1/8 and 1 inch in
diameter, shown in figure 2. Shortly bofore the ond of the investi—
gation, the mechanically rotated assembly shown in figure 3 was
installed. This apparatus consisted of four cylinders 1/8, dgas
l~l/4, and 3 inches in diameter., A discussion of the accuracy of
the water—content data obtained by tho rotating—cylinder technique
is included in the appendix. '

Drop Size and Drop—~Size Distribution

The quantities involving drop size which of most importance
in the study of icing condition arc the "mean—effective diameter,”
the maximum diamcter, and the approximate vuLumc distribution of
diametor. The mecan—effective diemetor, which is approximatcly the
average d“amﬂtwh. obtaincd by wsighting the dr Eq according to their
volume, and the volume distribution of diameter arec defined in the
discussion of the rotating—cylinder method. appoarlng in the appendix.

are
o
3
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Rotating—cylinder method.— The rotating-cylinder equipment
described above in connection with the measurement of water content
provides data also on meen-effeoctive diameter and drop--size distri-
bution. The two—cylinder data furnish values of mean-—cffective
drop diameter when certain assumptions concerning the size distri-
bution are made. The four-cylinder date give some information on
gize distribution as well as mean—cffective diametor. A further
discussion of the rotating-cylinder method and an estimate of the
accuracy of the results is included in the appendix. The methods
of calculation are presented in roference 1l.

Arvea of catch method.— The dismeters of the largest drops
present in significant quantity were determined from tho width of
the area of impingomont of drops on a 4-~inch nonrotating cylinder
which is shown in figure 4. This cylinder was covered with blue—
print paper and exposod briefly with  its axls at right angles to
the air stream. The methods of using the device and calculating
the maximum diameter from the area of impingeoment were as described
in reference 6, except that the data presented herein wore calculated
from the theoretical data presented in reference 1l.

Concentration of Ice Particles

Satisfactory measurements of the ice crysital content of the
air have not becen made. This quantity has a negligible effect
upon the rate of 'ice formation on unhoated surfaces but may be of
importance in determining the heat transfor from heated surfaces.

RESULTS

The significant characteristics of the various icing conditions
encountered during the winter are sumarized in table I. Each ontry
represents a weather gituation which was fairly homogeneous as a
whole although the minute-by-minute record may have indicated wide
variations. For example, icing condition 19, table I, includes
all data obtained during flight 33, although the flight was
conducted in and out of scattered cumulus and cumulonimbus clouds in
which the conditions were highly variable. The average water content
shown is the unweighted mean of the individual measurements and, of
course, does not include the time during which the airplane was
flying in cleoar air beotween the clouds., Minimum velues of water
content were not included, since no attempt was made to measure the
lowest valucs encountered. The maximum and minimum of altitude and
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temperature givon in the table are the oxtremos gncountered during
the corresponding timec intorvals. Data are¢ included in table I for
nearly all the cperations in clouds or breocipitation, although in
some cases little or no icing was oxpericnced. In the case of
flight 38, icing condition 2L represcnts conditions encountered in
‘clouds composed predominatoly of wator drops, while icing condition
25 represents conditions in clouds containing mostly ice crystals.
These conditions both cover the seme time intorval, since both kinds
of clouds were encountered from time to time throughout the poriod.
With tho excoption of icing conditions 1 to 4, inclusive, the
valucs of liquid water contont and drop size listed in table I werc
obtained by the rotating-cylinder method. In icing conditions 1 to 4,
the liquid woter calculations werc bascd on vhotographs of the
formations of ice collected on a stationary rod 0.5 centimetor in
diameter, which was exposcd in the nir stream for periods of 1 minute.

A total of 232 observationg of liguid water contont and mecan-—-
effective drop diameter wore made by the rotating-cylinder method
during icing conditions 5 to L2, inclusive. As these arc the most
reliable measurements available from this investigation, they have
been used as the basis for a study of the relaticm of icing condi-—
tiong to cloud forms. For the puirpose of this study, cloud. forms
have bocn divided into two goneral types: "layer clouds" and
"cwmlus clouds," as defined hereinafter. The pairs of correspond—
ing values of liquid water contont and mean—effective drop diameter
havo been divided into four groups corresponding tc the following
conditicns: (1) layer clouds without ice particles, (2) laycr clouds
with icc particles, (3) cumulus clouds without ice particles, and
(%) cumulus clouds with ice particles. These date have beon plotted
in sevoral ways in order to study any relationships which mey exist
between the variocus gquantitics

water content and drop si @
and 9 show liquid wotor content

Comments on the Data in Tablo I

Icing conditions 2 and 3, table I, which were observod on the
same day over the same area, illustrate the effect of the change of
air-mass characteristics and flow patterns accompanying the passage
of a cold front. Tho extensivo prefrontal cloud formation of icing
condition 2 was composed almost cntirely of ice particlos and
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produced only e trace of icing, while the scattered cumulus clouds

in the unsta ole U“”tf”"ntc* air mass of icing condition 3 contained
as much as 1.4 grams of ligquid water per cublc meter which caused

very rapid ice LOfmutlun.

Icing contions 26 and 31, which occurred in upslope stratus
clouds over couthern Wyoming, are examples of continucus icing
conditions covering a2 large area in which flight of considevqble
duration night be required. The liquid water content in these
conditions averaged about 0.2 and 0.4 gram per cubic meter, respoc—
tively, during o poriod of over 2 hours in each case

Icing condition 28 is notewcrthy beczuse of the high altitude
cnd low tomporature. The greatest iiquid water content measured
on this flight wes 1.1 grems per cubic meter, which occurred at a
pressurc altitude of 17,000 feet and a temporature of ~-3° F, Low—
temperature icing conditions of this kind give risc to the most
gserious icing of propellers, since the effect of kinetic heating is
insufficient to prevent the formation cof -ice, "even at the high
specd of the blado tips. Sever e propeller ice was also observoed
in icing comdition 11, during wl ich the ligquid wator coatent reached
0.5 gronm per cubic meter at a temperature T -0

3
[or
(93}

The largest value of mear—cffective drop diamcter, 5C microns,
was neasurcd in icing conditicn 3L, Although the corregsponding
water content was quite low, 0,15 gram per cubic meter, thig condi—
tion caused serverc icing on tho C-U6 windshicld, which, becouse
of its flush configuration, is not susceptible to icing cexcept
when large drops arc present.

The highest value of liquid water contont encountercd during
the season was measured in iecing condition 39. This occurred
in a large cuulug congestus cloud just as the transformation to
cumulonimbus began. The rapidly chan

ing conditions obscrved in
this cloud arc shown in table IL and discuss ed in detail later in
this report.

The Clessification of Icing Clouds

An examination of the data in teble I reveals that all the
jcing conditions with values of liguid water content of 0.8 gran
per cubic meter or more occurred in curulus clouds. For this
reason it is convenient in the s*ud of icing conditions to divide
cloud forms into two goneral classe
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Layer clouds.— Strotus, stratocumuluz, and altocumulus have -

been grouped together sinec they ero all limited in vertical extent.
At temperatures below freozing, continucus cloud l?Yb““ composed of
liquid drops arc rarely more than 2000 to 2000 feot thick.
Altostratus and nimbostratus have also been included ag l"yor clouds.

Although altostratus are sometimes several thousand fcot in vertical
oxtent, they are generally, during winter, composed almost cntirely

of ice crystals oxcopt for occasional thin layors and small patches
containing water drops.

Cumvlug clouds.- Cumulus humilis, cumulus congestus, cumulonlmbus
and altocurmlus castelleatus are included in this catagory. Clouds
of this typc are formed by the ascent of individual parcels of alr
rolative to the air mass cs a whols. Thoy frequently greatly exceed
the layor—type clovds in vertical extent. The individual cloud
masses are generally rathor limited in horizontal extent and compr rise
only a minor fractlon of the total alr masa.

DISCUSSION
The Problem of Forecasting Icing Condltions

In the discussion which follows of the problen of forecasting £
icing conditions, this particular problem will be defined in relation
to the general problem of weathor forecasting. Weather Bureau
dofinitions now in use of degreeas of lcing intensity will then be
intorpreted in terms of the fundamental physical quantities, liquld
water contont,and drop diametcr and mot in terms of the accumulation
of ice on aircraft, inasmuch as ice accumulations would very widely
for identical icing conditions, being dependent upon the type of
aircraft and the naturs of the ice-nrotection equipment. The factors
determining the liquid water content of clouds will be considered
next, followed by an examination of the problems relating to drop
size. The resultc of theory and observation will then be swmarized
in the form of a series of tentative rules for estimating the
intengity of icing conditions,

Formuletion of the problem.— The problem of forecasting the
occurrence and intensity of icing conditions is but a small part
of the general problem of weather forecasting. For several years,
meteorological end air-transport CT{pJ‘Lﬂulonu have regularly
prepared forecasts of weather conditions including the location,
type, al wuéo, and extont of cloud masses and the occurrence and
type of precipitation. The preparation of such forecasts 1s generally
regarded as one of tne most important problems of practical
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neteorology and a great dea of effort has beoen and is being directed
toward the improvement and refinement of the techniques of fore—
casting.

For the purposes. of this discussion of the problem of fore-
casting icing intensity, it will be assumed that satisfaotory foro-—
casts of the type, location, thickness, altitude and temperature of
cloud masses, and the occurrence and type of precipitation can be
made. It is realized fully that this assumption is frequently not
velid. It is made here in order to separate the problems peculiar

to forecasting icing intensity from the general problem of weather
forecasting. In other words, the problem tc be treated here is tha
of estimating the icing intensity to be expected within a cloud of
known type, dimensions, and temperature. If this can be done
satisfactorily, e forecest of icing intensity can be derived from

any good forecast of weathor and cloud conditions. Moreover, regard—
leas of whether satisfactory forecasts of cloud conditions can be
made, reliable ocstimates of the icing intensity present in the

_currently observed and roported cloud conditions may be of consider—

able value.

The definition of icing inte ity - I is wow goﬂ@T“lly recog—
2 q

: ration ~f uporcooled llquld wmter
and the dianeter of the drops. In addition, when thermal methods

of de—icing are considercd, the air tomperature and the amount of
gnow in the air have an important offcct upon the heat requirements.
Icing intencitiecs have beon defined by the U.S. Weather Bureau for
reports from 1ountalr stations in terme of the rate of collection,
at 200 nmiles pcr ‘hour on a 3—inch—diameter circular cylinder,
expressed in grams per hour per square centimeter of projected area.
(See rePe“onoc 12.) . The definitions are as follows:

T" o e Sl gl U R it

nghtlca e « « « « 1.0 tc 6.0 granns per square centimeter hour
Moderate ice . . . . 6.0 to 12.0 grams per square centimeter hour
Heavy ice ... . . . 12.0 and over grams per square centineter hour

o 1.0 gram per square centimeter hour
O

The valucs of collection efficiency of cylinders gﬂven in
reference 11 have been used to oxpress the foregoing dofinitions of
icing intonsity in terms of liquid water contont ﬂnd uniforn drop
diametor at 10,000 feet pressurc altitude and 15° F. The results
are shown by tho curves in figuré 5. Tho effcéts Qf variations in
pressurc altitude and temperature are small and will be neglected.
It should be noted that the curves defining icing intensity are
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based upon the assumption of uniform drop size, while the observa—
tional data, indicated by the plotted points in figuve 5, are expressed
in terms of mean-cffective diameter. An examination of the data
presented in reference 11 for various distributions of drop diameter
reveals that, for tho case of a 3-inch-diameter cylinder at 200 miles
per hour and valucs of mean—effective drop diameter usually found in
clouds, the differences in catch efficiency due to variations in
drop—size distribution are small.

In the following discussion of the problem of estimating icing
intensity, the factors determining the concentration of ligquid water
in clouds will be considered first and then the effcect of drop size
will be oxamined.

Water content of clouds composed entirely of liguid drops.— For
the purpose of the study of the liguid water content of clouds, it
is convenient to divide liquid clouds into two general classcs
according to the processes of their formation, namely: (1) clouds
formed by turbulence and convection in air that is generally in
unstable or neutral cquilibrium, and (2) clouds formed by the 1lift—
ting of large stable air masses by convergence Or orographic or
frontal action. It should be noted that portions of stable air
masses may occasionally become unstable due to 1lifting, thus giving
rise to the production of clouds of class (1) by local convection
and turbulence.

The first class, which includes cumulus, stratocumulus and
most types of altocumulus and stratus is characterized by approxi—
mately moist adiabatic lapse rate and nearly constant ratio of air
to total wator (liguid plus vapor) within a single cloud mass or
layer as long as no precipitation occurs. The principles which
determine the concentration of liquid water in clouds of this type
may best be illustrated by the casec of a simple convective cumulus
cloud. Consider a percel of air which is 1lifted adiabatically from
the surface to an altitude of several thousand feet. For the purpose
of this discussion it will be assumed that conditions in the air mass
are sultable for the convection to take place. Suppose the mixing
ratio at the surface is xt grams of water vapor per kilogram of dry
air. When the ascending parcel reaches the temperature and pressure
at vhich x{ 1s the saturation mixing ratio, condensation takes place.
As long as the cloud is composed entirely of liquid drops, these are
almost always so small that their velocity of fall is negligible
compared to the turbulent motions in convective clouds. Hence the
drops are carried along with the air parcel in which they originated,
thereby keeping thc total water content, liquid plus vapor, per unit
mass of air constant and equal to xt, the initial mixing ratio. At
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any point within the cloud mass whore the saturation mixing ratio is
Xg, Gthe liquid water cemtont W; 1s given by

Wi = (x¢ —xg) o0

where p 1is the dry-eir density. If %t and Xg oro eXpressed in
grams per kilogram and p 1s in kilograms por cubic meter, Wi is
given in grams per cubic meter.

An example of this type of cloud formstion was observed in the
vicinity of Cheyenne, Wyo., on Apr. 9, 1946 (icing condition 28, table I)
when a cumulus cloud which reached an altitude of 20,000 feet was
investigated. Most of the cloud had turned to snow but one nortion at
about 17.000 feet pressure altitude was found to be composed almcst
entirely of -liguid water. Msasurements within this portion of the
cloud indicated a liguid water content of 1.1 grams per cubic meter
at a temperature of 22 Y, 8 comparison of the fiight data with the
theory of adisbatic lifting indicated close agreement. In figure 10,
the temperature—pressure curve from observations in clear air outside
the cloud is shown as a solid line. The dotted line represents the
probable history of the ascending parcel forming the cloud. The
observation within the 1igquid portion of the cloud is shown as a
circle. The surface dew point as reported from Cheyenne was 2170,
which corresponds to a mixing ratio of 3.0 grams per kilogram. The
saturation mixing ratio (with respect +to ligquid water) at 17,000
feet pressure altitude and -3 F is 1.5 grams per kilogram and the
air density is 0.72 kilogram per cubic meter, Using the equation’
derived above, the liguid water content is

Wy = (3.0 -~ 1.5) 0.72 = 1.08 grams per cubic meter

This close agreement with the measured value, though partly
fortuitoug, is a Fairly good indication that the water content of
that portion of the cloud had not been appreciably depleted by
mixing or precipitation although the convection extended to a high
altitude and very low temperature.

The method just described for calcuvlating the liquid water
content of cumulug clouds may be applied also to stratus and strato—
cumulus clouds when these are formed by active mixing within the
surface turbulence layer, since suchk mixing tends to produce a
condition of constant total water mixing ratio and adiabatic lapse
rate. Clouds of this kind have been discussed in reference 6 which
includes curves giving the liquid water content in terms of the
cloud-base temperature and the height above the cloud base for clouds
formed adiabatically by convection or turbulence. Observations made
during the 1945-U46 season indicate that the observed values of water
content reported in reference 6 were somewhat toc high, since they
were obtained by the dew—point method and are subject to sampling
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errors. It now appears that in clouds composed of liquid drops, the
velue of liquid water content calculated on the basis of adiabatic
lifting from the cloud basc is a prectical upper limit which is
unlikely to be significantly exceeded. The actual cobscrved concentra-
tion of liquid water is generally somewhat lower than the calculated
valuc. In layer clouds this differerce is believed to be due to
incomplete mixing of the moist air within the turbulent layer and

some mixing dowaward of dry air from above, while in cumulus clouds

it is probably duc to mixing with the dry air through which the cloud
is rising.

The second class of clouds previously mentioncd, those which are
formed by the lifting of stable air masses, includes altostwutuu,
some types of altocumulus (such as lonticularious) and "upslope"
stratus. In this case there 1s no simple method of estimating the
liquid water content, since it deponds largely upon the initial
humidity distribution. Also, due to the lack of turbulence in clouds
of this type, the velocity of fall of the drops with respoct to the
air may at times have a significant effect upon the water content.

Nearly all of the altostratus cloud systems encountered during
this investigation wore composed almost entirely of ice cryst&ls, the
only exception being icing ccndition ?h table I. It is believed
that though altostratus clouds composged of liquid drops are infreduent
in northern United States during winter, they nmight be encountered more
froquently under wermer conditions. The values of liquid water
content obscrved in icing condition 34 were gencrally less than would
vsually be cncountered in stratocumulus clouds of the same temperature
and verticael extent.

The limited experience obtained in the investigation of two
cases of upslope stratus (icing conditions 26 and 31, table I)
suggests that the water content of such clouds is much lessg than
would be derived from the assumption of adiabatic lifting from the
cloud—base level.

Duc to the very limited amount of date available for situations
of this type, it is not possible to state conclusively at this time
whether values of liquid water content greater than those based on

dlubutlc 1ifting might not sometimes be encountered in clouds formed

r the forced ascent of stable air masses. It is belisved, ‘however,
on the basis of such obscrvations as have been made, that thc values
of liquid water content calculated on the basis of adiabatic 1ifting
from the cloud basc reprecsent a practical uppor limit which is
unlikely to be significantly excecoded in clouds of any type, at
tompyocraturcs below freezing.
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The liguid water content of clouds containing snowflakes.- The
general problem of the caazistenne of liguid wator drops and ice
crystals in clouds has been treated in reference 9. It has beon
shown that liquid water drops of the size usually found in clouds
evaporate very quickly in an atmosphere sabturated with respect to
ice at below freezing tempesratures. Similarly, ice crystals grow
rapidly in an atmosphere saturated w1Lh respect 1o quuju drops.

A mixture of ice crystals and liquid water drops below 30° T 1s
thus a very uneteble condition and must be regarded in goneral asg
only & transient stage in the evolution of cloud forms.

In this discussion, the terms "ice crystals," "snowilakes
) o p) )

and "precipitation” are used interc “hangeablys This is Justifiable
gince any ice crystals large enovgh to bs obgerved as discrsie
narticles from an airoplane in flight are many times larger than
cloud drops and thus have an appreciable ratec of fall although
they may evaporate before reaching the ground.

Throe cases of interaction of snow and liguid water should be
recognized. TFirst, the condition within a layer cloud composed
mainly of liguid dwons wien scattered snowflakes are present; second,
conditions necessary for the existence of liquiil drops with a high
concentration of snowflekes; and third, the sudden transfovmation
of a cumulus cloud into cumulonimbus which occurs when ice particles
form in the upper portions. 4

In the first case, the snowflakes way form within the cloud
layer or may fall into it from above. The depletion of liquid water
caused by the formation of snowflakos within a cleud Jayer has
been discussed in reference 6. When snowilsles fall Irom above
into a liquid water cloud, as for exauple when a precipitating
altostratus cloud overlies a stratocumulug layer composed of water
drops, the rate of depletion of liquid water depends chiefly upon
the concentration of snowflakes. With tho rates of snowfall which
usually occur from the altostratus clouds associated with low-
pressure areasg, the drying up of a stratocumulus layer proceeds
quite rapidly. ;

The second case mentloned previously, the situation in which
many snowflales are precent, has been treated in reference 7, in
which it is chown that stable, precipitating, warm-front-type cloud
systems do not, in gencral, contain liquid water drops at below-
freezing temperatures cxcept in the immediate vicinity of the
freezing level. ZIxperience during the 1945-46 sesason indicates
that the discussion given thersin applics in general io the
altostretus-nimbostratus cloud system associated with cvclonic storms
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even though the frontal atructure may bz confused and indefinite.

In the third cesc, the formation of ice crystals within a cumulus
cloud may result in a very rapid depletion of the liquid water content.
An example of this process was observed (icing condition 39, table I)
when a large well—-developed cumulus cloud wag investigated by means
of observations during four successive runs through the cloud, A
record of thesc observations is given in table II.

As the cloud was approached for the first run, it had the
appearance of a typical cumulus congestus cloud without any visible
softening of outlines in the upper portions.  Since scattercd
snow pellets were observed during the first run in the clouwd, it is
belicved that precipitation had just begun at that time. During the
succeeding 18 minutes, the liquid water content within the cloud’
diminished from 1.9 to 0.2 grams per cubic meter es a result of the
sudden formation and rapid growth of solid precipitation particles.
after the last run, the cloud was obgerved tc have the form and
appoarance of & typical cumulonimbus with a definite anvil top and
soft outlines throughout the upper part. Unfortunately, the observa-—
tions recorded in table IT were not all made at the same altitude,
hence part of the observed variation in cloud composition may have
been due to differences of altitude. Nevertheless, the complete change
in appearance of the cloud during the period of the observations
gupports the Interprctation glven here that the observed changss were
real changes with time of the characteristics of the entire upper

portion of the cloud.

The dynamic effeccts of such a rapid transformation from cumulus
congestus to cumulonimbus are worthy of note, The temperature rise
caused by the liberated heat of fusion combines with the simultaneous
removal of water by precipitation to .produce & sudden decrease in
density of the cloud mass, which in the case under discussion was
caloulated to be about 0.k percenmt. This effect may help to account
for the violent conditions often obserVed'in cumulonimbus clouds.

A detailed treatment of the dynamics:and thermodymamics of cumulo—
nimbus clouds is contained in reference 13. ‘ 5

Observational checks of ‘water—content theory.— The observations
made during the winter of - 1945-46 cannot be used directly to check
the foregoing theories concerning liquid water content, since the
altitude of the cloud base was usually unimown during the measure—
ments. Certain deductions from the theory can be checked against
the deta, however. For example, sincc layer clouds are generally
limited in depth to 2000 or 3000 feet, while cumulus clouds may
have a much groater vertical extent, the liquid water content
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observed in layer clouds would be oxpected to have a definite upper
limit, while much higher wvaluss would be obhserved in cumulus clouds.
The effect of precipitatiom in lowering the liquid water content
would be expectod to increase the froquency of low values and lowver
the maximum liquid water content for both types of clouds.

f figurc 5, shows the

Figure 11, which is based on the data
igquid water concentra—

frequency of occurrence of various values © 1

tion for cumulus clouds and layer clouds, with and without precipita—
tion. The doductions given above are verified except for the rather
high frequency of large amounts of liquid water in cunulvs clouds
with precipitetion. This is probably due to the fact that as cumulus
clouds become taller they are mcre likely to contain procipitation,
honce on the avorago the cbservations in cumull with precipitation
were mode in loargor and morc fully developed clouds.

O
o=
L
2
L
i

In conclusion, the principles dlscusscd above which determine
the liquid water content in clouds provide o moans of estimating,
with reasoncble accuracy, the maximum liquid water content to be

expected in the gubfreezing portion of a cioud system oI known
type, dimensions, and temperature.

The problem of drop size.— In order to express an estimate of
meaximum liquid water content in terms of icing intensity, it is
necessary to consider the problem of estimating the drop diameter
and its effect upon the intensity of icing.

The data presented in figures 7, and O have been examined
-, 2 7/
hi

i
to determine what relationship, if any, exists between the mean-—
effective drop diameter and the liguid water content, cloud type,

temperature, and altitude. The most cbvious craracteristic of all
of these dilagrams is the lack of eny clear—cut patterns which would
indicate reliable correlations among the various quantities. Some
important information can be obtained from these data, however,
especially on the relationship between cloud type and the range of
values of liguid water content and mean—effective diameter. An
examination of the data presented in figure 5 discloses 2 relation
between water content and the observed range of values of mean--
effoctive diameter. For values of liguid water content below 0.2
gram per cubic meter, the range of mean-~effective drop diameter

is from 5 microne or less to 45 microns or more for both cloud types.
As the water content increases, the range of drop diamecter decreases
for both types. Of a total of 22 observations in cumulus clouds
containing 0.7 or more grams of liquid water per cubic meter, all

the values of mean—eflectlive drop diameter were included in the range
from 10 to 23 microns, OF a total of 30 measurements in layer clouds
with a water content of 0.4 gram per cubic meter or more, all have
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mean-effective diametors in the range from 9 to 20 microms. It is
also noted that the value of mean-effective diamcter corresponding
to the highest liquid water content is 17 microns for cumulus clouds
end 11 microns for layer clouds.

Ihe determinaticn of icing Intengity fiom cloud type and estinated
liguid water content.— Since it is not possible, on the %”3 s of
present knowledge, to estimate the drop size to be expected in a
cloud, and since fairly good estimates of maximum liquid water content
can be made, the question arises as to whether reascnable sstimates
of maxinmum icing intensity ave possible. If such estimates are to be
made they must be based upon liguid water contont and cloud type alonc.
It is proposed, therefore, in the absence of more complete knowledge
of drop sizes, to sclect ~ value of drop diamector tc be assignod to
each major cloud type, and tc estinate the icing in TE
basis of this arbitrary dian:tor and the expecte
Velues of assumed diameter of 14 and 17 microns have be
laycr clouds and ctmulus clouds, respectively. These value
chosen on the basis of a careful examination of the data of figure 5
consideration being given to the fact that an estlmate i
actual ic in intonsity is less objoctionable from a forscast
point bl N o mild an estinate,

This choice cf assumed values of drop size deternines the “"ﬁbo
of velucs of liguid water content o bo associated with e
of icing intensity as indicated by the curves in figure 5.
words, this procedure amounts to sotiing up an altermate scale of
icing intensity based upon liquid water content alone ¢ Perd
slightly for the two classes of clouds. In order to check the deg
of agrcement betwecen these alternate scalecs and the sczle defined by
the curves in figure 5 over the cbksorved range of llOUTG water conten?®
and drop size, the cbservational date of figure 5 have bceen arranged
in the following table:

gree




NACA TN No. 1393 17

Number of observed cascs of
Range of icing of va%ious intensitios
Cloud type | water Alternate scale of | Weather bureau scale
content icing inteonsity of icing intonsity
(dctormined by : ;
asswied dianeter) ITrace Light;ModoratejHoavy
. ool Trace e e B 0 @
B 0.12-0.68 Light 15 72 4 0
Sooed  ]0.60-1.331  Modorato A e 0 0
1 Uicrﬁ;a over 1.33| Hoavy 0 g 0 0 ¢ @
i b i {
oty Trace g 0 0
oy gy 0.08-0,49 Light - 1. 3% gl 0
T 0.50-1,00 Moderate i % 15 23 3
AR PERoNeY 1,00 Heavy (5) S R 2 12
17 mierons : ‘ ,

The data in the table show that out of 232 cases the two sceles
agree for 180 cases (78 percont), and that the altermate definition
indicates z highor icing intensity in %0 cases (17 percent) and
lower intensity in 12 cases (5 percent).

It should be noted that the data of figure 5 which werc used to
chooge the assumed values of drop size were alsc used to verify the
validity of the results. If these data do not constitute a representa-—
tive sample, the degrec of agreement indicated will not be attained
in general.

It is fully realized that nore accurate and dependable estimates
of the intensity of icing conditions could be made if the drop size
could be predicted, and therefore that the develcpment of methods
of predicting drop sizes is desirable. Until such methods ar
discovered, however, the metnod proposed herein for cstimating icing
intensity on the basis of en intensity scale based on arbitrarily
assuned valucs of drop size offers to metcorologists a practical and
fairly reliable mecans of dealing with the problenm of forccasting the
intensity of/icing conditions.

The foregoing discussion has been based on the scale of icing
intensity defined by the Weather Bureau in roference 12. This type
of definition is probably as good as can be devised as a scale to be
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used for gemeral purposes in the dispatching of aircraft and reporting

of conditions encountered in ordina operations. It is believed, <
however, that t@o 3ve“auu pilot's 9r meteorologist's concept of -
"1:ue“"te or "neavy" icing isc considerably nilder than indicated by

this scele. In fact, this ascale would. probably be .in boitter agree~—

nont with the average pilot's estimateo of icinn intensity if tlic

torms "trace,"."light," "modor&to,' and "heav y were replaced by

"light," "uoderate," "heavy," and "very heavy," rospectively.

5

'.

o

No simple scale.of light, moderate, and heavy icing 1s adcquate
for engineering purposes. Values of liguid water content, mean—effec—
tivé drop diameter, maximum drop didmeter, and towperetu“o muat all

6 teken into account if an icing condition is tc bo adequately
doscribed from an engineering stendpoint '

Some tentative ruviles for estimating the intensit
conditions.— The foregoing discussion suggests several rules fur esti-
mating icing intensity. - Although these zencralizations are hascd on
a linited number of measuremonts which may not have been ropros
tivo of all conditions, they are supported by a considerable argunt
of qgualatative obscrvational experience and have a gsound physical
basis. Morecover, the oObservations were made over a large geographical
aroa including wide variations in climete and topography, and inhludod
investigations of conditiors in a wide variety of synoptic situetions

u")
._1
o+
- O
l

¢

./

e

The dependonce of icing intensity upeon cloud type and tho pres—
cncc or absence of precipitation is illustrated by figure 12, which
shows the perce nt e of cbacrvation of cach degree of icing intensity
for layer clouds and cumulus clcuds, with and wwtnqut precipitation.
It should be po*“tcd out in connection with figure 12, that the data
presented therein, like all the data in this report, arc likely to be
biased by the inclusion of an unduly high porcentage of cbservations
in the more severe conditions. This is thc result of the practice,
which was followed throughout the flight progrom, of attempting to
fly at all times in the nost severc icing conditions availlable
and remaining in such conditions as long as practicable. Another
practice, which gives a sinilar biss tc the data, was the habit of
naking the observations mors frequently in the heavier icing conditions.

o
=
o
et

The relationships apparent in figure 12 and the gencral pr -
ciples determining the liquid watex content of clouds have bcop use
to formulote the following tentative rules for estimating the inten
sity of icing conditions according to the intensity scale given in ¢
reference 12: : '
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1., In layer clouds with precipitation, icing intensities
greater than a trace are unlikely except near the edges of the
precipitation arcas or where the precipitation is very light or
has just begun.

2., In clouds formed by convection or turbulence the icing
intensity usually varies with temperature and height above the cloud
base as indicated by the theory for adiabatic 1lifting, but the actual
water content is usuvally less than the calculated value.

3. In layer clouds without precipitation, icing conditions are
usually light but are occasionally moderate near the tops of thick
layers. -

4., Moderate and heavy icing conditions usually occur only in
cumulus clouds, but conditions in the upper portions of unusually
thick stratus or stratocumvplus layers cccasionally reacn moderate
intensity.

5. Icing conditions in cumulus clouds are highly variable and
in the upper portions of tall clouds may be very severe.

6. During winter, heavy icing conditions are not likely %o
be encountered continuously for more than 2 to 3 minutes.

The Problem of Defining the Physical Characteristics of Icing
Conditions for the Purpose of the Design
of Ice—Protection Equipment

The sccond major problem in this investigation is that of
defining the significant properties of the most severe icing condi—
tions likely to be encountered in the course of all-weather transport
operations in a given area during a particular season. The following
remarks refer to conditions in the northern half of the United States
during winter except when other areas or seagonsg are specifically
mentioned, as for example in the discussion of surmer cumulus clouds,

Maximum icing conditions in cumulus cloudsg.— It is ssen by
reference to figure 5 that the heaviest icing conditions observed
in cumulus clouds are much more severe than any experienced. in layer
clouds. It follows therefore that the heaviest possible icing condi-—
tion, chosen without regard to its extent or duration, may be expected
to occur in cumulus clouds. As mentioned in the preceding section,
the maximum liquid water content within the subfreezing portion of a
cumulus cloud may be determined by calculating the free water produced
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by adiabatically lifting a mass of air from the cloud-bass level,

The observations of icing conditions reported herein were all made
during winter and spring in situations in which the temperature at
the base of the clouds was near freezing or lower and in which the
vertical extent of the cloud development did not often exceed 6000

or 8000 feet. If these conditions arec taken as representative for
the icing season in northern United States, it would appear reason—
able to accept a cloud-base temporature of 32° F and vertical extent
of 8000 feet as representing the maximum cumulus icing condition
likely to occur with appreciable freguency in northern United States
during winter. TUnder these conditions, the calculated maximum liquid
water concentration is 2.5 grams per cubic meter and the ccrrespond—
ing temperature is approximately O° F, The corresponding value of
mean—effective diameter was estimated from the data in figure 5. It
was noted that the scven observations of more than 1.2 grams per cubic
meter water content all had meanr—effective drop diameters in the
relatively narrow range from 17 to' 23 microns. The average of these
observations, 20 microns, was chosen as the probable walue of mean-—
effective diameter corresponding to a maximum water content of 2.5
grams per cubic meter at a temperature of 0° F.

It should be recocgnized that the foregoing maximum icing condi-—
tion was derived from an assumed cloud—base temperature of 32° F, If
warmer- weather conditions are considered, the maximum icing condition
increases considerably. As an example, the conditions in the upper
portion of a tall summer cumulus clovd will be calculated. Surface
conditions are assumed as follows: pressure altitude, 400 feet;
temperature, 90° F; dew point, 5° ¥; mixing ratio, 19.0 grams of
water vapor per kilogram of dry air. If this surface air is lifted
adiabatically, condensation occurs at 3600 feet pressure altitude and
71.5° F. Suppose the cloud extends to 23,000 feet pressure altitude
Just before precipitation begins. The condition at 22,000 feet y
would be as follows: temperature, 22.50 F; liquid water content, 7.0
grams per cubic meter.  Tais represents an extremely severe icing
condition; in fact, if the water content were reduced by 5C percent
due to precipitation and mixing, it would still be an exXtremely severe
condition. There is reason to belisve that such conditions occur
frequently in warm, moist climetes where convective showers are common
ag along the Gulf Coast in summer. The severe icing ccnditions, how—
ever, are sharply limited both in space and time, and therefore would
very rarely be encountered unless deliberately sought.

In connection with the problem of defining the maximum icing
condition in which an lce—prevention system should be expected to
provide protection; it is necessary to define the most severe icing
condition likely tc be met with a given airplane rather than the most
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severe icing condition which can ever occur. This presents a problen
gimilar to that involved in the design of airplane structures to
resist turbulence. For exemple, it is not ccnsidered necessary to
design airplanes to withstend the conditions occurring in tormados,
and yet such storms are by no means rare in the United States. The
heaviest icing conditions, though much larger than tornados, are still
quite limited both in extent end duration and are parts of cloud
systems which ordinarily can easily be recognized and avoided by
experienced pilots. Thus, while theore is reason to beliove that the
concentration of superccoled water near the . tops of cumulus clouds
may occasionally reach 2.5 grans per cubic neter in winter in the
Pacific Northwest and 6 or 7 grams per cubic meter in’ surmer near

the Gulf Coast, it is estimated that the highest value likely to be
encountered in the course of all-weethor transport operations in

the United States is azbout 2.0 grams per cubic neter. The corre—
gponding estimated values of nean effective drop diameter and temper-
ature are 20 microns and 0° F. The nost probeble duration of flight
(at 160 mph) in this condition, if it is encountered, is estinated

to be about 1 minute, and the maximm duration a little less than

2 ninutes, ag will be shown below.

The relation between intensity and maximun extent of icing
conditions.— Because of the facts that heavy icing conditions were
observed only in cunulus clouds and that cumulus clouds are always
rather linited in horizontal extent, a study of the data was made in
an offort to definc & relation betwoen the extent and Intensity of
icing conditions. TUnfortunately, data on the linear dincnsions of
the icing conditiong were not obtained. The duration of flight in
continuous icing was thercfore used as a measurc of the extent of
the conditions although in scoveral cases the airplane was flown back
and forth in a single cloud formation, thus giving rise to larger
duration than would have been requirved for a straight flight.

Figure 13 chows the relation between the duration of pericds of flight
in continuous icing conditions and the average liquld water content
during the periods. The plotted points are for individually observed
cases and the line represents the estimated relation between averags
weter content and maxirmum duration. It 1g fully relized that this
estimate is uncortain due to the limited amount of data upon which

it is based. It should be of some value, however, in indicating in
at loast a roughly quantitative way the inverse rolationship which
oxists between a spocified icing condition dnd the probable duration
of flight in that condition. In the application of these results to
the problen of eveluating the requirements for ice protection in all-—
weather transport operations, it should be remembered that on the
reseerch flights during which theso data were collected, the flight
path was chosen with the object of maximizing the severity and.
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duration of the icing conditions, while in ordinary operationc the
flight path would be chosen to reduce or eliminate the icing condi-
tions. - For this reason it is believed that the line in figure 13
represents a conservative estimate of the relation between the inten—
sity and maximum duration of icing conditions as they would be
encountered in normel all-weather transport operations in the

United States.

It is noted that the line in figure 13 indicates a maximum
duration of a little less than 2 minutes for a liquid water content
of 2.0 grams per cubic meter. Since it is highly unlikely that the
maximum duration will be encountered on the rare occasions when the
highest water content cccurs, the more vprobable value of 1 minute
wag chosen to correqpond with the maximum icing condition defined

above.

Max1mum continuoug icing conditions.— The results of the fore-
going discussion of the extent of icing conditions as related to their
irtensity suggest a nsed to define the maximum icing condition likely
to occur over a large enough area to make it necessary to provide
for continuous operation in this condition. This condition will
exist in layer—type clouds since cumulus clouds are by their nature
discontinucus, The maximum liquid water content observed in layer
clouds during this investigation was about 0.7 gram per cubic meter,
which is the same as the maximum reported from the Army Air Forces
Ice Research Basge 2t Minneapolis, Minn. Thess facts and the data
in figure 13 on the rclation between liquid water content and dura—
tion of flight in icing conditions suggest that a reasonable estimate
of the maximum water content likely to be encountered for periods
of 20 minutes or longer at a true airspecd of 160 miles per hour
would be approximately 0.8 gram per cubic meter., Since this condi—
tion is expected tc occur in layer clouds (stratocumulus), a
reasonable estimate of the concurrent values of temperatvre and
mean—effective drop diameter was mede from an examination of the
data for layer clouds in figures 5 and 8. The values chossn were
20° F and 15 microns. '

The possibility of more. severe icing conditions with lower
values of water content and larger drop sizes should not be overlooked.
A reasonable extrapolation of the date in figurse 5 suggests a condi-
tion of 0.5 gram per cubic meter at a mean-efféctive diameter of 25
microns as a definite possibility in layer clouds.

Since the temperaturc, as well ag the liguid water content, is
of primary importance in the design of thermal systems for ice protec—
tion, the relation between temperaturc and maximum water content for
continuous icing conditions should be determined. It has been
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pointed out that in icing conditions of very limited extent, as found
in cumulus clouds, very low temperatures may occur with high values
of ligquid water content. In the case of the more oXtensive icing
conditions in layer clouds, however, a positive relationship appears
to exist between temperature and maximum liquid water content.
Proposals to define this relationship have boen given in references

6 and 14, and are reprocduced in figure 8.

The curve from reference & depicts conditions 3000 feet above
the base of a cloud formed by adiabatic processes. Subsequent eXperi-—
ence has shown that the values of water content indicated by this
curve are much higher than ordinarily observed in layer clouds.
Apparently stratus and stratocumulus layers 2000 to 3000 feet thick
arc not generally characterized by a constant total mixing ratio.
The data fram reference 14 arc based upon observations made on
the summit of Mt. Washington where orographic factors have a very
marked effect on the liquid water content.

The lowest cupve in figure 8 indicates the relation between
maximum liquid water content and temperature in layer clouds as
observed in this investigation. Since this curve is based upon only
a smell number of observations and since it has no theorstical basis,
it should be used with caution. Bocause of the small amount of data
available for layer clouds at very low temperatures, it is not
possible at this time to define the maximum probable low—temperature
continuous—icing condition.

Typical icing conditions.— The conditions defined above as the
most severe likely to be oncountercd in all-weathor transport opera-
tions will only rarely be observed, Conditlons ordinarily met with
are much milder. It is estimated that values of liquid water content
as high as 0.3 gram per cubic meter in layer clouds and 0.8 gram per
cubic meter in cumulus clouds will be encountered with sufficicont
regularity to be regerded as normal or typical icinz conditions. The
corresponding mean—effective diameter is likely to be anywhere in the
range from 8 to 20 microns,

Icing conditions with very larce drops .— Another important aspect
of the problem of the dofinition of maximvm icing conditions concerns
the largest drop diemeters likely to be oncountored and the probable
corresponding valucs of water content. Examination of the data in
figure 5 indicates that in about 1 cbservation in 5C the mean—effec—
tive diameter is over 35 microns. This limited amount of 'data for
clouds with large moan—effective drop diametor indicates that the
water contont is likely to be low, 0.25 gram per cubic meter or less,
It should be pointed out, however, that the data in figure 5 are in
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terms of nmean-effective diamoter and thet with certein types of size
distribution, appreciable aermounts of water may be presont in tho
’ 2 O

form of drops 35 microns or more in diameter even though the mcan—
affective diameter is as low s 20 microns. 1t would thorefors appea:
that small amounts, for exemple about 0.1 gran per cubic meter, of

drops of 35 to 50 nicrons diameter should not be regarded as excepliional.
Because of the high collection efficioncy end wide ercas of Ilmpinge—

nent associated with the larger drops, the presence of even aall
ariounts of water in drops of 3% microns or larger diameter has a
inportant effect upon the requivements for thermal ice p“ovuntzun
More detailed date on drop—size dlstribution arc very desgirable for
this reason.

Freezing rain.— Since freezing rain has not been dbﬁervod in
the course of this investigation, n¢ obsorvational data can be :

presented. The subJject should be mentioned, “owever, 1f only to
enphasize the fact that the gzeneral discussion of icing conditions
presented horein does not necesscrily apply to freszing rain

al conditions ordinarily requirsd for the forma-

2 wi th tempera~

ing in the
OCCUrYenco

o
cze and

Thoe neteorologic
tion of freezi ra

% i
ng rain ere an inversion, usually Irou
o
cold air below the inversion. The U
of freezing rain is rather small, sir
becone slecet at temperatures cnly s Tow dogrees beluw freczs
rate of procipitation in freczing rain is usually less than U
per hour which corvresponds tc a liguid water ontent of abou <2 gram
per cubic meter. The drops are. usually bﬁthﬁn 500 and 1000 nicrons
1y 10C-—-pcrcent

erperature rﬁﬁgo
n

o the raindrog

inch
iy

in dismetor which is large enough to give substontially

collection efficiency on 21l alrcraft uompanento. It should be noted

in passing that any cloud with drops larger than 35 or 40 nicrons in
ots a8/ L

rain" because such lerge cloud d““p‘vtg, on atrik

present an appearance similar to raindrops.

&
diancter is likely to be cerromeously reported by pi
in

CONCLUSIONS

The following “ul@ﬂ for estimating the intensity of jriug
conditions are basged upon a study of flight measurcuonts of icing
conditions, suppleumented by an aﬂ"l‘sic € the physical processes

atribution of liguid water
ﬂf tho -scale of icing intensity
icing conditions at nountaln

which are important in detQLU_rlw” the

in clouds. They are expressed 1 ¢

used by the Weather Burean in reporbinf
stations.
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" 1. In layer clouds with precipitation., icing intensities
greater than a trace are unlikely except near the edges of the
precipitation area or whers the precipitation isg very light or
has Just begun.

2. In clouds composed entirely of liquid drops the icing inten-
gity usually varies with temperature and height above the cloud base
as indicated by the theory for adisbatic 1ifting, but the actual
watey content is ordinarily less than the calculated value.

3. In layer clouds without precipitation, icing conditions ar
usually light but are occasionally modsrate near the tops ofithick
layers.

L. Moderate and heavy icing conditions usually occur only in
cumulus clouds, but conditions in the upper portions of unusually
thick stratus or stratocumulus layers occasionally reach moderats
intensity.

5. Icing conditions in cumulus clouds are highly variable and
in the upper portions of tall clouds may be very severe.

6. During winter, heavy icing conditions are not likely to be
encountered continuously for more than 2 to 3 minutes.

Analysis of the available observational data supplemented by
considerations of the physical processes involved in the formation
of icing conditions has led to the Tollowing tentative estimates of
the most severe icing conditicns likely to be encountered in the .
course of all-weather transport cperations in the United States:

Duration Liguid Average
Cloud type (at 160 mph) water content drop diemeter Iemperature
cumulus 1 minute 2.0 gm/m® 20 microns o~
gtratus or 20 minutes 3 Tl By
0.8 gn/m 15 microns 20Y F

stratocumulus or longer an/ i
stratus or . 20 minutes S 0

% 0.5 gn/m® 25 microns 20

stratocumulus or longer

Ames Aeronautical Laboratory,
National Advisory Committee for Aeromautics,
Moffett Field, Calif.
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APPENDIX
Temperature Correction for Kinetic Esating

The true temperature of the undisturbed air was obtained by
subtracting the following correction from the cbserved temperature
when flying in clear air:

: 2
AT = 1,77 af JL)
\ 100/

where AT 1is the correction in degroes Fahrenholt, and Up is

the true airspeed in miles per hour, The value of the constant

a must be determined experimentally for any particular instella—
tion. For full adiabatic compression at a stagnation point o = 1.9
for the particular installation described herein a = 04981 £ 005,
This valuc was determined by making successive runs at various
speeds at a constant altitude over the same area in approximately
homogeneous air.

\ae

. When the air contains liquid weter drops there is apparsntly
no accepted theory for calculating the temperature rise., Hardy
assumed in reference 5 that the ratio of the temperature rise in
wet alr fo that in dry air is equal to the ratio of the specific
heats of dry and wet air at constunt prossure. The usc of the
ratio of’the saturated and dry adiabatic lapse rates is recommended
by the Army Air Forces for use in correcting wet bulb readings in
clear air and both wet and dry bulb readings in "wet cloud." This
differs only slightly from the ratio used by Hardy, the differcnce
being due to a difference botween the adiabatic and isoberic rates
of change of saturation mixing ratio with temperature

In order to determine cxperlmen*tlwy the ratio of the kinetic
temperature rise in clouds to that in clear air; test runs were
made at various speeds in uniform stratus clouds at temperatures of
15° to 25° F and 50° to 60° F, The tests at 15° to 25° F were
conducted in Minnescta during the winter of 194L-45 with the C—46
airplane. The thermometer used was of the mercury—in—glass type
mounted with the bulb p01nthe downwi nd nd shiclded as shown
in figure 14, The tests at 50° to 60° F wore conducted in stratus
clouds off shorc near San Francisco with a U.S. Navy blimp and a
P—38 airplane. A rcsistance thormomotor suspended on a cable below
the blimp was used to make a sounding through the cloud layor just
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before and just alfter the nngn—speod rung with the P--38. The
thermometor cn the P—38 was a vesistance thermometer with the
sensitive element exposed in a mounting designed to obtain the
stagnation temperaturc. Tho results of these tests ars prescntad

in figurc 15 which also includes curves showing the ratio of the
gpecific heats of dry and wet air at constant pressure and the ratio
of the wet and dry adiabatic lapse rates.

Since the sdisbatic lapse—rate ratio shows the best agreement
with the observations, it has been used in this investigation to
determine the kinctic keating correction for all observations of
temperature within clouds.. It was observed that very small amounts
of liquid water arc sufficient to reduce the kinstic temperature
rise to approximetely the moist adiabatic value, hence no¢ attempt
has been made to use iptormediate values of the COTPuCt'”n for low
values of liquid water content. Since no measurcments of the
kinctic temperature rise have been made in clouds composed of ice
crystals, the corrcctions wore mede in the samc way as in clouds
composed of liquid drops. The orror involved in this procedure
is unknown but may reascnably be assumed to be lese than the
difference betwecn the dry and wet corrections, whicih difference,
at the temperature and op;cd; preveiling in this investigation,
was usvelly between L0 and 2° 3.

()

The validity of the correction just described for kineti
heating in clouds does not dspend upon any assumptions regar rding
the processes of evapcration which may occur at or near the
thermometer The use .of the ratio of the adiabatic lapse rates
is Justlflcd on purely empirical grounds, since the observed ratio

of wet to dry values of kinetic temporatura ise agrees fairly well

with the lapse-rate ratio over a wide range of tempcrature.

Measurcments by the Rotating-Cylinder Method

In the pre et i at 1inder method was
used cssentiall y ibed in referonce 8, except that the
exposurc time was gencrally about 1 minute instead of 5 minutes,
and the average diamcter of the ice formation was de termined by
calculation instead of by actual measurement. The calculation was

baged upon an assumed ice density of 0.8 gram per cubic centimeter.
With the small cmounts of ice collected during l-minute runs, this
method was calculated to give less error than Gircct measuremcnts

g
of diamecter made in flignt.
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Data on drop—eize distribution in icing clouds are usually
presented in terms of a "volumc" rather then e "number" distribution,
since the amount of water in drops of a given size is of greater
imporvance than the number of drops. One form of volume—distribution
curve is constructed by plotting, as a function of diameter, the
percent of the total liquid water content of the clowd which is
contained in drops smeller than that diameter. A distribution
curve of this type 1s presented in figure 16. This curve was
drawn from data appearing in reference & which were obtained by
the sooted slide technique described therein. On a distribution
curve of this type, the volume median diameter is the value of
diamoter detormined by the point at which the curve crosses the
50-percent line. The volumc median diameter is thus defined by the
property that there is as much water in the drops larger than the
volume median diameter as there is in drops smaller than the vclume
median diameter. In the cxample shown in figure 16, the volume
median diemeter is 11.9 microns.,

The data presented in reference 11, showing the collection
efficiency of cylinders as a function ¢f X, a parameter involving i
drop diameter, are given for five asswmed distributions of drop size,
A, B, C, D, and E, Distributions A, B, and E are shown in figure 16
for a volume median diameter of 12 microns. Distributions C and D k
which are intermediatc betwecen B and E are omitted for simplicity.
The values of drop diameter obtained frcm rotating—cylinder observa—
ticnsg by the method described in vreference 11 are called mean—
offective diameter. The mean-effective diameter is equal to the
volume median diameter if the actual distribution is similar to the
assumed disgtribution. It is not known how closely the assumed drop—
gize distributions resemblc the actual digtributions found in
clouds., Since the limited amcunt of data availablc from the four—
cylinder apparatus indicated the presence of distributions covering
the entire range from A +to E, the curves based on digtribution
C were arbitrarily chosen to be used in reducing the data taken
with the two—cylinder apparatus.

The errors involved .in calculating the liquid water content
and mean-effective diameter from the two—cylinder data have been
estimated by considering the errors inherent in measuring the
quantities used in the calculations. The rosults, which are shown
in the following table, are based on a liquid water content of 0.5
gram per cubic moter and an average drop diameter of 10 microns.

; ¢l
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. Resulting percent srror (E)

Estimated
‘Source of error amoun? i Vater ! Drop
v of error | content diameter
1 ' (percent) (percent)
' Weighing sample : ;
1/8-in. cylinder i 0.02 gram ! 2.6 2
- Weighing sample ! }
i 1-in. cylinder ? .03 gram. | L@ i
- Assumed density am
' of ice e < 80 0 2o 2
! ci I
' Timing exposure L 1.5 sec ; 2.k 0
- True airspeed 24 mph | 1.5 0
Miscellaneous f |
other errors ——— 150 i
| Error due to using i ;
"C" distribution '
curves for unknown : up to up to
distribution e e - 3 3
SR : Water content Drop diameter
; (percent) (percent)
. Maximum total error %
(£E) 1 1k 9
i
Estimated resultant '
/ = 5
error KJ’XE? \ B i L

J

Anmes Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif., June 23, 1947.
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TABLE 1. SUMMARY OF METEOROLOGICAL DATA OBSERVED IN ICING CONDITIONS

43

clcizg i ! i s | 4 3Drop No. of H
ond i~ ight | i ime iqui | Mean | Size rotat- |(|Max.Diam. by Areal Temper { i
tion | Number | Date I (Pacific Standard)| Water Content || Effective Drop Diam{ Distri- ing of Catch MZtﬁodm em;ng?ture H Pressur(:e::ltt)ltude
| Number | 4 il (q/m3) { (microns) bution | cyl.obs. (microns) i
‘i bb_e_ginningL ending avera;qeT maximum| mean | max. L min. greatest | least max. 1r minj min.—'—{ max
| 20 | 2-28-46 || |1:u5 PM | 2:25 PM Trace | .26 || , 17 13 10 ! 4 | 12,000 { 13,000
2 22 | 8- 2-46 [[10:40 AM | 11:20 AM Trace | Trace !l i - - a2 | 8 |i 1,500 | 41,300
3 | 28 | 3-2-46| 2:50 PM | 4:07 PM .52 T | [ (- i 12 | -7 | 9,200 3,500
4 | 20 | 3-3-U6| 1:00 PM | 2:20.PM S | 29 15 ¢ 24 | -2 H 5,300 | 12,700
o T 25 | 3-19-46 || 3:4l PM | 3:51 PM |  -=- T o i -- - 24 | 20 ' 7,000 | 7,800 !
6 26 | 3-21-46 || 4:00 PM | 5:00 PM 38 | S0 = e =l 8 17 12 19 | 1% [ 10,200 | 11,100 |
7 27 | 3-22-46 | 2:30 PM | 2:45 PM | T e A e L S 3 -- - 1 | 8 | 8,400 | 8,900 !
8 | 27 | 3-22-46 | 3:15 PM ‘ 3:35 PM | 20611 a2 ] T 4 24 i | 19 {15 Il 6,500 | 7,300
9 | 28 | 3-24-46 |[1:15 AM [ [2:00 M 48 .8 1 |15 12 .8 15 12 18 | 13 6,600 | 7,800
10 | 28 | 3-2u-46 [12:55 pM L 1:25 PM F e el e 1 ke 1. 3 20 12 gl ot i 105700 13 100
it [ 28 [3-24-H6 | 3:30 PM | 3:45 PM T T I e TR i 3 - -— || -% | -8 12,800 | 13,600
12 29 | 3-25-46 | 1:55 PM | 2:45 PM 0 [ 0 0 0 0 0 0 0 H 23 | 19 | 9,000 |11,000
13 30 | 3-27-46 | 4:00 PM | 5:00 PM Trace W05 | = | 8 | w- | - -— | 26 15 | 8,000 |12,200
14 3l 3-29-46 [10:30 AM | 11:30 AM .61 f .9 TR (1 7 20 5 16 z § I 7,i00 | 9,000
15 31 3-29-46 | 3:50 PM_| 6:00 PM i 1 £ ) Y 18 15 14 | -2 i 9,100 {13,200
16 32 3-30-46 [11:03 AM | 11:05 AM -- .6 - T ] - - 15 | -- 12,500 | ===
17 32 3-30-46 | 1:17 PM 1:19 PM -- 3 — {45 | -- | -- -- 7 | -- 1,100 | ===em
18 32 3-30-46 || [:40 PM | 2:30 PM .64 .9 {3 17 10 6 - -- 20 13 7,800 | 9,800
19 33 3-31-46 [11:00 AM |:45 PM Juy 1.0 11 17 7 12 54 18 28 7 5,700 | 11,600
20 34 Y- {46 || 3:10 PM | Y4:40 PM .53 .8 13 iy - 6 19 17 27 11 6,300 10,200
21 35 U< 3-46 || 4:22 PM | 4:47 PM e A 13 18 5 [} - - 18 9 9,100 12,100 |
22 36 Y- 5-46 || 5:25 PM | 5:57 PM U8 g0 a2 14 10 5 - -- 27 | 24 4,500 | 5,000
23 37 Y~ 6-U46 |[12:43 PM 1:30 PM 22 4 ‘ 13 ) 12 5 - -- 25 | 20 4,600 | 5,800
24 38 Y~ 7-46 [112:00 M 4:50 PM .61 Tl 17 | 26 12 10 -- -- 18 3 11,800 |15,100
25 38 Y~ 7-46 |[12:00 M 4:50 PM Wil 22 ! 200 {£29 30 1 -- - i8 3 1,800 | 15,100
26 39 Y- 8-U6 [[12:56 PM | 3:40 PM .34 .5 10 i3 5 18 - - Cy AL 8,500 | 11,500
27 40 Y- 9-U46 | 9:45 AM | 10:55 AM .08 <72 [9=18o7 14 8 -- - €6 [ 22 8,600 | 9,700
28 40 Y~ 9-46 || 3:30 PM | 4:25 PM .38 1. 1701722 | 9 - - 4 -19 14,800 | 20,300
29 42 | U~13-46 [l 2:50 PM | 3:40 PM | .16 #3 e 7 3 | ) - - 2 TS I 11,600 | 13,800
30 43 Y- 1446 [|10:40 AM | 12:22 PM .15 280l 8 10 7 Y -- -- 29 | 2% 10,500 | 10,900
31 43 G- {4-46 [[12:22 pM | 2:30 PM S40 T [ns I 10 (R 25 -- - 723 10,200 | 11,000
| % [ 4y U-15-46 |10:00 AM | {0180 AM S05 - | 20 - 2 - - 23 | 22 || 9,90 |11,700
33 44 | 4-15-86 [11:20 AM | 12:15 PM Trace 05 || == | == - | - -- 24 | 16 | 11,600 | 13,800
3y u6 4-25-46 || 4:00 PM | 5:23 PM oL 30 | 50 18 — 12 - - 28 17 | 8,900 (10,600
35 47 4-26-46 112:30 PM | 2:30 PM i e T 13 19 Il_{E in Cu 8 -- -- || 29 | 28 || 5,000 ! 6,600
§:15 PM | 5:15 PM [ | A in Sc . ; i
36 48 4-28-46 |10:50 AM | 2:00 PM LTS ORI o .7 c 8 - - 30 | 19 { 8,300 |12,500
37 48 4-28-46 | 4:20 PM | 6:00 PM 45 o 18 2ry | -8 - 13 - T i lip | 10,200 | 12,900
38 49 4-29-46 [{11:05 AM | 11:45 AM .35 ol 24 l gy - 5 - Ao i e l 7,600 | 9,400
39 49 4-29-46 |[11:53 AM | 12:20 PM .95 ) 19 (22 | 15 fEandC 7 -- - 5 | -5 |l 10,200 | 13,000
40 | u9 4-29-46 |[12:45 PM 1:15 PM e e 23 | 28 16 [A and E 6 - -- 15 j 1 7,800 | 8,600
Y ug 4-29-46 ([ 1:15 PM 1:45 PM 1.0l 6|l FIRIES |5 | andaD 5 = - L g 7,900 | 9,%00
42 | uo 4-29-46 || 3:55 PM | 6:00 PM .57 1.5 20 | 30 9 E 19 -- -- 20 7 | 6,400 | 9,500

1Values of liquid water content in conditions | to 4 are calculated from the thickness of ice formed in one minute on a stationary rod. Values

given for conditions 5 through 42 are from rotating-cylinder measurements. NATIONAL ADVISORY

2Yalues of drop size are from rotating-cylinder measurements. COMMITTEE FOR AERONAUTICS

3Size distribution as defined in reference |5 given only for cases in which four-cylinder data were available.
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TABLE . CONCLUDED

| lecing = : =
| Condi-| %Relative | Cloud SAir Mass
bl e O e Tt conposltion | Cressifi=|. syaoptie LOCATION REMARKS \
| N\Lmb:._r_J__iloud Masses | cation Situation [
T
| | Scwttersd | Cumulus and Cumulonimbus | mostly snow Southeastern Wyo. J
2 | Continuous Altostratus & Nimbostratus snow MP ! Pre frontal Eastern Oregon : |
3 ‘ Secattered Cumulus and Cumulonimbus | mostly water MP | Post Cold Front Eastern Oregon Same ares as icing condition 2. |
y | Scattered ; Cumulus and Stratocumulus | water { snow MP ! High and Rising No., California .79m/m3 measured over Siskiyou
‘ : | mountains at (2,700 ft.
5 | Scattered Cumulus water MPK Trough Cent. Calif. Coast | }
6 | Broken | ATtorumulus nostly water Western Nevada | Total accumulatiop, 2 inches, 1
3 some snow showars,
7 Brokan | Cumulus water MPX Post Cold Front Oregon |
8 | Broken | Cumulonimbus & Stratocumulus ! mostly snow | MPK Post Cold Front Oragon J
9 | Broken Cumulus and Cumulonimbus mostly water | MP Post Cold Front Central Oregon | ineh in |5 minutes,
16 " | Broken Cumulus and Cumulonimbus water & snow | MP Post Cold Front ldaho Bases at 9000 feet.
i 3] | Scattered | Cumulonimbus water & snow ! MP Post Cold Front ldaho .
12 | Continuous | Altostratus snow | MP New Mexico Low Southeastern Wyo.
13 | Continuous | Altostratus & Altocumulus | mostly snow | MP Above Cold Front Eastern Oregon
14 | Scattered | Cumulus I mostly water | MP _Post Cold Front | Central Oregon
15 | Scattered | Cumulonimbus & Altostratus | mostly snow | MP Post Cold Front | Idaho
16 | One cloud Cumulonimbus | mostly water | MP “On Cold Front Utah
17 ———— Cumulonimbus | mostly snow | MP Post Cold Front Eastern Calif. Over Donner summit.
] | Broken Cumulus and Cumulonimbus | mostly water | MP Post Cold Front Central Calif.
18 | Scattered Cumulus and Cumulonimbus | water & snow | MP Post Cold Front Cent. Calif. Coast
20 | Scattered | Cumulus and Cumulonimbus | water & snow | MP Nevada Low Cent. Calif. Coast | Bases 4100 to 4400, 34° to 35°F
2] [ Continuous I ATtocumuTus | water & snow | WP Pre frontal Northern Calif. Over Siskiyou mountains
22 | Continuous Stratus and Stratocumulus | water i MP “NW Gradient Western Ore.
23 | Broken | Stratocumulus { water i MP NW Gradient Western Ore.
4 J Scattered Cumulus and Altecumulus | mostly water MPY Flat pressure No. Nevada, Data for water clouds and snow clouds
25 i Scattered ‘ Cumulonimbus & 4ltostratus | mostly snow MP_f field Utah, & So. Wyo.} entered separately for same flight
1 | | period.
26 | Continuous | Stratus and Stratocumulus | water i cp _Colorado Low Southeastern Wyo. UpsTope stratus i
27 | Continuous | Stratus with Altostratus above | water & snow cp Pre-frontal Western Nebraska Stratus being depleted by snowfall 4
| | : from altostratus. i
28 | Scattered Cumulonimbus | water & snow | CPK Post Cold Front Southeastern Colo, Single convective cloud. {
29 | Scattered Cumulus humulis mostly water MP Post Cold Front Northern Utah
30 Broken | Stratocumulus | water i CP | Colorado Low No. Utah & So. Wyo.
31 Continuous Stratus | water i CP . Colorado Low Southeastern Wyo. 1
32 ! Scattered Altocumylus and Altostratus water & snow CP | Eastern Colorado Patches of altocumulus in tenuous t
i altostratus. l
33 | Scattered Cumulus humulis | water H cp : Southern Wyoming
| 34 Continuous | Altostratus | mostly water MP | Frontal(cold f) Oregon Coast Large average drop diameter may be
! i | | . mixture of drizzle and cloud drops. |
85 __Broken | Cumulus and Stratocumulus | mostly water | MPK | Anticyclonic Western Oregon i i
38 Continuous T Altostratus } mostly snow | MP Pre-frontal ~ Western Oregon Total accumulation about 3/8 inches. !
37 Broken | Altostratus and Altocumuius | snow & water MP Pre-frontal Western Oregon Total accumulation about |-1/4 inches. ‘
38 Scattered Cumulus and Cumulonimbus | water & snow | MPK Post Cold Front Western Oregon
39 Scattered | Cumulus bec. Cumulonimbus | water & snow | MPK Post Cold Front Western Oregon |
40 Continuous . Stratocumulus water & snow | MPK Post Cold Front Western Oregon !
41 Scattered | Cumulus and Cumulonimbus ] water & snow MPK " Post Cold Front Western Oregon
[ 2 | Scattered J Cumulus and Cumulonimbus water & snow MPK | Post Cold Front | Western Oregon
BnScattered” indicates more claar air than cloud. "Broken" indicates more cloud than clear air. "Continuous" indicates unbroken cloud or only occasional small breaks.
5According to the classiflcation presented in the international Atlas, Paris, 1932. . NATIONAL ADVISORY
6M Marine; C Continental; P Polar; K indicates instability near the surface. COMMITTEE FOR AERONAUTICS
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TABLE II
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OBSERVATIONS IN THE UPPER PORTION OF A LARGE CUMULUS CLOUD
DURING THE PERIOD IMMEDIATELY FOLLOWING THE ONSET OF PRECIPITATION
(Iring Condition 39, table I)

Time Tempera—| Pressure Liguid water Mean effective

(P.5.7.) ture altitude contngt drop diameter
(°r) (ft) (gm/m>) (microns)

11:53% 5 10,400 1.9 7
11:5&% b 10,800 1.k 19
11:58 3 11,000 3.0 20
12:04 ;| 11,600 B 22
12:05 0 11,600 .6 o,
12:12 2 12,500 .2 18

NATTONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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Figure 1.- Shielded free-air temperature
thermocouple installation on C-46 airplane.

Fig. 1
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(a) Disassembled.

(b) Assembled.

Figure 2.- Manually operated rotating cylinders,
two-cylinder assembly.
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Figure 3.-

(2) In position for loading.

(b) In extended position.

Four-cylinder motor-driven rotating cylinder apparatus.







NACA TN No. 1393

(a) Cylinder ready for exposure.

(b) Cylinder in extended position.

Figure 4.-

Cylinder for measuring area of
drop impingement.

Fig. 4
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LIQUID WATER CONTENT , 9/m

I

o
I

o
I

CUMULUS CLOUDS WITHOUT \CE PARTICLES O —
0 LAYER CLOUDS WITHOUT 'CE PARTICLES  +

LAYER CLOUDS WITH \CE PARTICLES X

CuMulus QLOUDRS wWiTR \CE PAETICLES u]

ICING 'NTENSITIES ARE AS DEFINED (N
REFERENCE 12

RATE oF ACCRETION CURVES ARE BASED
0 ON DATA FROM REFERENCE 1]

\CE

HMEAVY ICING
a

LIGHT
MODERATE ICING

TRACE OF ICE

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

3INCH CYLINDER AT

RATE OF ACLRETION ON
200 MPH, 15°F., 10,000 FT.

12 9/ hr. /

6 9/cmt hr. /

1 g/em®he

e
& 30 40 50 SO
_ MEAN EFFECTIVE DROP DIAMETER , MICRONS
FIGURE 5.- LIQUID WATER CONTENT AND DROP SIZE BY ROTATING CYLINDER
MEASUREMENT ASs COMPAIRED WITR WEATHER BUREAU SCALE OF ICING INTENSITY
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Fig. 6 NACA TN No. 1393
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Fig. 8 NACA TN No. 1393
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Fig. 10 NACA TN No. 1393
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‘ NACA TN No. 1393

Figure 14.- Installation of mercury-in-glass
thermometer on C-46 airplane.
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